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Deep-Inelastic Scattering (1)DeepDeep--Inelastic Scattering (1)Inelastic Scattering (1)

The differential cross section for inclusive lepton nucleon The differential cross section for inclusive lepton nucleon 
scattering can be expressed as a function of the leptonic tensorscattering can be expressed as a function of the leptonic tensor LLμνμν

and the hadronic tensor Wand the hadronic tensor Wμνμν, which describe respectively the , which describe respectively the 
electron and the hadron vertex.electron and the hadron vertex.
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The leptonic tensor is completely calculable from QED. The hadroThe leptonic tensor is completely calculable from QED. The hadronic tensor describes nic tensor describes 
transitions to all possible final states.transitions to all possible final states.

The general expression for the 
differential cross section can be 
written in the laboratory system 
as:
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Where: E & E’ initial and scattered energy of the lepton and Q2 is the 
negative squared mass of the virtual photon. Θ is the angle between the 
initial and final directions of the lepton.
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The leptonic tensor averaged over 
initial spins is given by ( )'''2 kkgkkkkL ⋅−+= μννμνμμν

Where k and kWhere k and k’’ are the initial and final electron momenta, respectively.are the initial and final electron momenta, respectively.

Lorentz and gauge 
invariance, together with 
parity conservation, the 
hadronic tensor can be 
decomposed into two 
independent structures:
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Where the Mott cross Where the Mott cross 
section section σσMottMott is given by:is given by:
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Deep-Inelastic Scattering (2)DeepDeep--Inelastic Scattering (2)Inelastic Scattering (2)

And And νν is the energy is the energy 
transfer of the transfer of the 
lepton to the lepton to the 
target rest frame:target rest frame:

'EE −=ν

Mott cross section Mott cross section σσMottMott represents the cross section for elastic electron scattering frrepresents the cross section for elastic electron scattering from a om a 
spinless point charge.spinless point charge.

The two structure functions WThe two structure functions W11 and Wand W22 contain the information about the structure of the contain the information about the structure of the 
nucleon in the final state, and have to be determined by experimnucleon in the final state, and have to be determined by experiment.ent.

Usually the two structure functions W1 and W2 are expressed in tUsually the two structure functions W1 and W2 are expressed in terms of the dimensionless erms of the dimensionless 
functions Ffunctions F11 and Fand F22 as:as:
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Structure Functions (1)Structure Functions (1)Structure Functions (1)

In the quarkIn the quark--parton model the Fparton model the F11 and Fand F22 structure functions are given in terms of quark and structure functions are given in terms of quark and 
antiquark distribution functions.antiquark distribution functions.
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Where Where q(xq(x) is the interpreted as ) is the interpreted as 
the probability to find a quark of the probability to find a quark of 
flavor q in the nucleon with flavor q in the nucleon with 
momentum fraction x.momentum fraction x.

νM
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2

=
x can be interpreted as the fraction of the nucleon momentum carx can be interpreted as the fraction of the nucleon momentum carried by the ried by the 
struck parton.struck parton.
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By the analogy to the expression for absorption of real photons By the analogy to the expression for absorption of real photons the differential cross the differential cross 
section can be expressed in terms of longitudinal (section can be expressed in terms of longitudinal (σσLL) and transverse () and transverse (σσTT) virtual) virtual--photon photon 
cross sections ascross sections as
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Where Where ΓΓ is the transverse is the transverse 
virtual photon fluxvirtual photon flux
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The variable The variable εε represents the virtual represents the virtual 
photon polarization parameter.photon polarization parameter.
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In terms of In terms of σσTT and and σσLL, the structure functions F, the structure functions F11 and Fand F22 can be written as:can be written as:
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FF11 Structure Function is related Structure Function is related 
only to the transverse virtual only to the transverse virtual 
photon coupling photon coupling 

FF22 is a combination of both is a combination of both 
transverse and longitudinal transverse and longitudinal 
couplingscouplings

It is useful therefore to define a It is useful therefore to define a 
purely longitudinal structure purely longitudinal structure 
function Ffunction FLL

Structure Functions (2)Structure Functions (2)Structure Functions (2)
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The Ratio of longitudinal to transverse The Ratio of longitudinal to transverse 
cross sections can be expressed ascross sections can be expressed as
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Using the Ratio R, the F2 structure function can be extracted frUsing the Ratio R, the F2 structure function can be extracted from the measured differential om the measured differential 
cross sections according tocross sections according to
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Knowledge of R is therefore a prerequisite for extracting informKnowledge of R is therefore a prerequisite for extracting information on F2 (or F1) from ation on F2 (or F1) from 
inclusive electron scattering cross sectionsinclusive electron scattering cross sections

Structure Functions (3)Structure Functions (3)Structure Functions (3)
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Rosenbluth SeparationRosenbluth Separation
Requirements:

The same x, Q2 but 
different ε.

Model Dependent MethodModel Dependent Method

RequirementsRequirements:: Good model for FGood model for F22(x,Q(x,Q22) ) 

Using Using σσexp exp and Fand F22(x,Q(x,Q22) model, R can be ) model, R can be 
calculated.calculated.
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FF22 well measured well measured -- responsible for much understanding of proton structureresponsible for much understanding of proton structure
Nonetheless, lNonetheless, large arge xx, low Q, low Q2  2  region is sparse region is sparse 
R ( FR ( FLL), is not at all so well measured (especially large ), is not at all so well measured (especially large xx, low Q, low Q22))
Situation is worse for nucleiSituation is worse for nuclei
If R nonzero,If R nonzero, NEED longitudinal / transverse (L/T) separations to extract FNEED longitudinal / transverse (L/T) separations to extract F22

Experimental Status of Unpolarized SFsExperimental Status of Unpolarized SFsExperimental Status of Unpolarized SFs
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At WAt W22 = 4 GeV= 4 GeV22 and Qand Q22 < 1 GeV< 1 GeV22, F, F22 will vary by will vary by 15%15% depending on the depending on the 
choice of R = 0 or R = 0.2. At higher Qchoice of R = 0 or R = 0.2. At higher Q22, this can be as much as , this can be as much as 20%.20%.

F2 Sensitivity on RFF22 Sensitivity on RSensitivity on R
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Power Corrections (Target Mass Correction)Power Corrections (Target Mass Correction)Power Corrections (Target Mass Correction)

Additional corrections exist at low QAdditional corrections exist at low Q22 which are needed in order to fully account for the which are needed in order to fully account for the 
scaling violations. These corrections are called power correctioscaling violations. These corrections are called power corrections and have a form 1/(Qns and have a form 1/(Q22))nn. The . The 
operator product expansion (OPE) is generally used to discuss thoperator product expansion (OPE) is generally used to discuss these power corrections within ese power corrections within 
the framework of QCD.the framework of QCD.

One type of power corrections to the structure function are targOne type of power corrections to the structure function are target mass corrections, which et mass corrections, which 
arise from the nonarise from the non--vanishing mass M of the target hadron. QCD predictions have beenvanishing mass M of the target hadron. QCD predictions have been derived derived 
under the assumption that the nucleon mass can be neglected whenunder the assumption that the nucleon mass can be neglected when the energy transfer is the energy transfer is 
high, which corresponds to high Qhigh, which corresponds to high Q22. However, at low Q. However, at low Q22 this is no longer the case and this is no longer the case and 
correction terms have to be included.correction terms have to be included.

By applying the target mass corrections directly to the structurBy applying the target mass corrections directly to the structure functions Fe functions Fii(x,Q(x,Q22) can be ) can be 
related to corrected structure functions related to corrected structure functions FFii((ξξ,Q,Q22). These corrected structure functions satisfy ). These corrected structure functions satisfy 
the DGLAP equations and depend on the Nachtmann scaling variablethe DGLAP equations and depend on the Nachtmann scaling variable ξξ, which is defined as, which is defined as

222 /411
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++
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It is to be noticed that It is to be noticed that ξξ x for high Qx for high Q22. This is consistent with the QPM, which predicts that x . This is consistent with the QPM, which predicts that x 
is the correct scaling variable at large Qis the correct scaling variable at large Q22..
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TM formalism considered due to H. Georgi and D. PolitzerTM formalism considered due to H. Georgi and D. Politzer

target mass (TMC) target mass (TMC) -- kinematic corrections due to binding of partons in the nucleon.kinematic corrections due to binding of partons in the nucleon.

((xx is no longer the longitudinal momentum fraction carried by struis no longer the longitudinal momentum fraction carried by struck ck partonparton).).
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Power Corrections (Target Mass Correction)Power Corrections (Target Mass Correction)Power Corrections (Target Mass Correction)

When MWhen M22xx22/Q/Q22 terms are negligible, F2(x) can be constructed from the PDFs, wterms are negligible, F2(x) can be constructed from the PDFs, with Qith Q22 evolution evolution 
given by pQCD.given by pQCD.
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Power Corrections (Twist Effects)Power Corrections (Twist Effects)Power Corrections (Twist Effects)

According to the OPE the structure functions can be expanded in According to the OPE the structure functions can be expanded in powers of 1/Qpowers of 1/Q22

Where the functions CWhere the functions Cnn(x,Q(x,Q22) weakly depends (i.e. logarithmically on Q) weakly depends (i.e. logarithmically on Q22. The various terms in . The various terms in 
this expansion are referred to as leading (n=0) and higher (nthis expansion are referred to as leading (n=0) and higher (n≥≥1) twists.1) twists.

The twist number (t) is defined in such a way that the leading oThe twist number (t) is defined in such a way that the leading one is equal to two and higher ne is equal to two and higher 
ones correspond to the consecutive even integers.ones correspond to the consecutive even integers.
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q xqxqexxxFxF )()()(2)( 2
12Thus the rightThus the right--hand side of the equation hand side of the equation 

corresponds to the leading twist contribution to Fcorresponds to the leading twist contribution to F22
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FF22 is usually parametrized as: is usually parametrized as: 

C(xC(x) characterizes the strength of the twist) characterizes the strength of the twist--four termfour term

The higher twist operators correspond to interactions between thThe higher twist operators correspond to interactions between the struck quark and the e struck quark and the 
spectator quarks:spectator quarks:
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The size of these terms cannot be easily calculated, The size of these terms cannot be easily calculated, 
since they depend on the unknown wave function of since they depend on the unknown wave function of 
the boundthe bound--state quarks.state quarks.

Power Corrections (Twist Effects)Power Corrections (Twist Effects)Power Corrections (Twist Effects)
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Physics at Low Q2 (Overview)Physics at Low QPhysics at Low Q22 (Overview)(Overview)

In the region of high QIn the region of high Q22 the results of DIS measurements are interpreted in terms of parthe results of DIS measurements are interpreted in terms of partons tons 
(quark and gluons). The theoretical framework is provided in thi(quark and gluons). The theoretical framework is provided in this case by the QCD improved s case by the QCD improved 
parton model. The description fails when Qparton model. The description fails when Q22 becomes of the order of 1becomes of the order of 1** (GeV/c)(GeV/c)22, where non, where non--
perturbativeperturbative effects become important (noneffects become important (non--pQCDpQCD), which are still not fully understood.), which are still not fully understood.

This equation can be rearranged in the formThis equation can be rearranged in the form

The singularities for QThe singularities for Q2 2 0 (third and 0 (third and 
fourth terms cannot be real, as otherwise fourth terms cannot be real, as otherwise 
WWμνμν ∞∞..

In particular, electromagnetic current In particular, electromagnetic current 
conservation requires that qconservation requires that qμμWWμνμν = q= qννWWμνμν

= 0, where W= 0, where Wμνμν is the electromagnetic is the electromagnetic 
hadronic tensor.hadronic tensor.

Therefore, the structure functions should Therefore, the structure functions should 
obey the following relations in the limit obey the following relations in the limit 
QQ22 0:0:
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The singularities for Q2 0 (third and 
fourth terms cannot be real, as otherwise 
Wμν ∞.

In particular, electromagnetic current 
conservation requires that qμWμν = qνWμν

= 0, where Wμν is the electromagnetic 
hadronic tensor.

Therefore, the structure functions should 
obey the following relations in the limit 
Q2 0:

Physics at Low Q2 (Overview)Physics at Low QPhysics at Low Q22 (Overview)(Overview)

Thus, the structure function F2 must !!! 
Vanish in the limit Q2 0. 
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Physics at Low Q2 (Overview)Physics at Low QPhysics at Low Q22 (Overview)(Overview)
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So, what do we have So, what do we have …………....

Higher T
wist

Higher T
wist

Current Conservation

Current Conservation
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☺☺ FF22(x,Q(x,Q22) ) →→ QQ22 as Qas Q22 →→ 00

☺☺ FFLL(x,Q(x,Q22) ) →→ QQ44 as Qas Q22 →→ 00

☺☺ R(x,QR(x,Q22) = ) = σσLL//σσT T →→ QQ22 as Qas Q22 →→ 00

☺☺ σσγγpp = = σσTT + + εεσσLL →→ σσTT as Qas Q22 →→ 00

Physics at Low Q2 (Overview)Physics at Low QPhysics at Low Q22 (Overview)(Overview)
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Physics at Low Q2 (Overview)Physics at Low QPhysics at Low Q22 (Overview)(Overview)

So, we knowSo, we know

1.1. the answers at Qthe answers at Q22=0.=0.

2.2. Behavior of structure functions Behavior of structure functions 
at moderate Qat moderate Q22

3.3. Effects at low QEffects at low Q22……..

Does it mean that the Does it mean that the ‘‘lifelife’’ is easy at is easy at 
low Qlow Q22 ………………..

WHY NOT ???WHY NOT ???
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x < 0.05x < 0.05--0.1  0.1  ShadowingShadowing
x x ≈≈ 0.10.1--0.2  0.2  AntiAnti--
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Nuclear Effects in F2 and RNuclear Effects in FNuclear Effects in F22 and Rand R
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Nuclear Effects in F2 and RNuclear Effects in FNuclear Effects in F22 and Rand R

Old results from Hermes ExperimentOld results from Hermes Experiment
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Nuclear Effects in F2 and RNuclear Effects in FNuclear Effects in F22 and Rand R

Experimentally, possible nuclear modifications of the transverseExperimentally, possible nuclear modifications of the transverse--longitudinal ratio R(x,Q2) longitudinal ratio R(x,Q2) 
have been studied by the HERMES collaboration have been studied by the HERMES collaboration ……. . 
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Nuclear Effects in F2 and RNuclear Effects in FNuclear Effects in F22 and Rand R

New results from Hermes ExperimentNew results from Hermes Experiment
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Nuclear Effects in F2 and RNuclear Effects in FNuclear Effects in F22 and Rand R

Alternatively, it has been shown that an AAlternatively, it has been shown that an A--dependence of R(x,Qdependence of R(x,Q22) may exist ) may exist 
at high values of x and low values of Qat high values of x and low values of Q22 due to a mixture of the transverse and longitudinal due to a mixture of the transverse and longitudinal 
structure functions. The transverse structure function for a nucstructure functions. The transverse structure function for a nucleus is described not only by leus is described not only by 
the transverse one for the nucleon but also by the longitudinal the transverse one for the nucleon but also by the longitudinal one with the admixture one with the admixture 
coefficient . The mixing arises from the fact that the nucleon mcoefficient . The mixing arises from the fact that the nucleon momentum direction is not omentum direction is not 
necessary along the virtual photon direction. Thus, the motion onecessary along the virtual photon direction. Thus, the motion of the nucleon perpendicular to f the nucleon perpendicular to 
the direction of the virtual photon gives rise to a mixture of lthe direction of the virtual photon gives rise to a mixture of longitudinal and transverse ongitudinal and transverse 
structure functions in the nucleus.structure functions in the nucleus.
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Shielded Detector HutShielded Detector Hut

Superconducting DipoleSuperconducting Dipole

Superconducting QuadsSuperconducting Quads

Electron BeamElectron Beam

SOSSOS

Target Scattering ChamberTarget Scattering Chamber

HMSHMS

Q1 Q2 Q3

Dipole

Detector Hut

Scattering
Chamber

27 m

Used for detections 
of positrons

Used for detections Used for detections 
of positronsof positrons

Used for 
detection of 

electrons

Used for Used for 
detection of detection of 

electronselectrons

Jlab Hall CJlab Hall CJlab Hall C
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HMS Properties (ptHMS Properties (pt--pt tune)pt tune)

Kinematic Range:Kinematic Range:

Momentum:Momentum:

Angular:Angular:

0.5 0.5 –– 7.5 GeV/c7.5 GeV/c

10.510.5OO -- 8080OO

Acceptance:Acceptance:

ΩΩ:: ~6.5 msr~6.5 msr

+/+/--9%9%

Resolution:Resolution:

ΘΘ:: ~ 1 mrad~ 1 mrad

Dp/p:Dp/p:

Dp/p:Dp/p:

< 0.1 %< 0.1 %

Gas CerenkovGas Cerenkov

44--layer layer 
Electromagnetic Electromagnetic 

CalorimeterCalorimeter

Vertically Segmented Vertically Segmented 
HodoscopeHodoscope

horizontally Segmented horizontally Segmented 
HodoscopeHodoscope

2 sets of vertical 2 sets of vertical 
+ horizontal + horizontal 

Drift ChambersDrift Chambers

Cer + Cal provide Cer + Cal provide ππ rejection rejection 
factor ~ 10000/1 at 1 GeV factor ~ 10000/1 at 1 GeV 

HMS Acceptance is dominatedHMS Acceptance is dominated
by the octagonal collimator!by the octagonal collimator!

HMS SpectrometerHMS SpectrometerHMS Spectrometer
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Particle IdentificationParticle IdentificationParticle Identification

Subsystem Subsystem ee-- Efficiency Efficiency UncertaintyUncertainty

Cerenkov         Cerenkov         > 99%                 > 99%                 0.2%0.2%

Calorimeter        Calorimeter        96.5 96.5 –– 99.5%        99.5%        0.3%0.3%

Tracking           Tracking           90 90 –– 98%            98%            0.3%0.3%
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HMS Monte-CarloHMS MonteHMS Monte--CarloCarlo

Comparison of MC to E99Comparison of MC to E99--
118 data using E94118 data using E94--110 110 
resonance region model as resonance region model as 
an event generator.an event generator.

Excellent agreement between Excellent agreement between 
different experiments!                  different experiments!                  
Acceptance is determined to Acceptance is determined to 
< 1% pt< 1% pt--pt in the kinematics.pt in the kinematics.
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Bin efficiency corrected 
e- yield in δp/p- Θ
(δp/p = +/-8%, ΔΘ = +/-35 mrad) 

Subtract empty target 
background bin-by-bin. 

Subtract charge symmetric 
e- yield bin-by-bin.

Apply acceptance correction for 
each δ - Θ bin.

Apply radiative corrections bin-by-bin.

Apply Θ bin-centering correction 
and average over Θ for each δ bin. 
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Analysis MethodologyAnalysis MethodologyAnalysis Methodology

During the data taking on a cryotarget some 

of the incoming electrons scatter on the aluminium 

walls and create a background, which should be 

subtracted in order to get a clean sample of 

hydrogen or deuterium events.

In the detected electron spectrum there is an 

unwanted real electron background coming 

from γ and π0 particles produced in the target. 

The pions decay into photons, which can 

produce positron – electron pairs.

The measured cross section contains the 

following contributions: σmeas = σBorn + σel + σqel + σinel ,

which should be subtracted.

The spectrometer 
acceptance (HMS) in θ
is about 1.8 %. 
Therefore, in order  to 
determine the cross 
section at the central 
angle, a so-called bin 
centering correction 
must be applied.
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Experiment e94Experiment e94--110, 191 LT Separations110, 191 LT Separations

Experiment e140, 61 LT SeparationsExperiment e140, 61 LT Separations

Example Rosenbluth SeparationsExample Rosenbluth SeparationsExample Rosenbluth Separations
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Results from e94-110 (F1, FL)Results from e94Results from e94--110 (F110 (F11, F, FLL))

The solid curve is calculated from R1998 fit of R and the WhitloThe solid curve is calculated from R1998 fit of R and the Whitloww’’s Fs F22 fit. The dotted fit. The dotted 
curve is the MRST (NNLO) fit. The dashed curve is the MRST (NNLOcurve is the MRST (NNLO) fit. The dashed curve is the MRST (NNLO) fit with the ) fit with the 
target mass corrections.target mass corrections.
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Results from e94-110 (R)Results from e94Results from e94--110 (R)110 (R)
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Results from e99-118 (F2 for H & D)Results from e99Results from e99--118 (F118 (F2 2 for H & Dfor H & D))
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Results from e99-118 (R= σL/σT)Results from e99Results from e99--118 (R= 118 (R= σσLL//σσTT))
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Results from e99-118 (RD/RH)Results from e99Results from e99--118 (118 (RRDD/R/RHH))
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Results from e99-118 (RA)Results from e99Results from e99--118 (118 (RRAA))
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Results from e99-118 (RA/RD)Results from e99Results from e99--118 (118 (RRAA/R/RDD))
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Results from e99-118 (σD/σH, or F2(D)/F2(H))Results from e99Results from e99--118 (118 (σσDD//σσHH, or F, or F22(D)/F(D)/F22(H))(H))



Vladas TvaskisVladas Tvaskis HUGS 2006HUGS 2006 Structure Function at low QStructure Function at low Q22 4040

Results from e99-118 (σD/σH, Q2 dependence)Results from e99Results from e99--118 (118 (σσDD//σσHH, Q, Q22 dependence)dependence)

( ) ( ) ( ) ( )( )222 /ln, cGeVQxBxAQxH

D

+=
σ
σ
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Results from e99-118 (σA/σD)Results from e99Results from e99--118 (118 (σσAA//σσDD))
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Analysis of the experiment e99-118 is finished for Hydrogen and Deuterium Targets. R Does Not 
go to zero (as Q2 goes to zero), only at very low x there is a hint that R goes to zero. Analysis 
indicates that possibly RH > RD. 

Analysis of the experiment e99Analysis of the experiment e99--118 is finished for Hydrogen and Deuterium Targets. R Does Not 118 is finished for Hydrogen and Deuterium Targets. R Does Not 
go to zero (as Qgo to zero (as Q22 goes to zero), only at very low x there is a hint that R goes tgoes to zero), only at very low x there is a hint that R goes to zero. Analysis o zero. Analysis 
indicates that possibly Rindicates that possibly RHH > R> RDD. . 

The ratios RThe ratios RAA/R/RDD from the present experiment, as well as the ratios from other efrom the present experiment, as well as the ratios from other experiments, xperiments, 
indicate that Rindicate that RAA/R/RDD = 1.   Thus, no A= 1.   Thus, no A--dependence of  R (x, Qdependence of  R (x, Q22) was observed, neither in the ) was observed, neither in the 
experiments that were done at high values of  Qexperiments that were done at high values of  Q22 (Q(Q22 > 1 (GeV/c)> 1 (GeV/c)22), nor in the e99), nor in the e99--118 experiment, 118 experiment, 
which was done at low values of Qwhich was done at low values of Q22..

The x dependence was studied for the ratio of the cross sectionsThe x dependence was studied for the ratio of the cross sections σσDD//σσHH.  The x dependence of the .  The x dependence of the 
ratio ratio σσDD//σσHH from the present experiment was compared with the parametrizatifrom the present experiment was compared with the parametrization of Fon of F22

DD/F/F22
HH of the of the 

world data. Since all previous data indicated that Rworld data. Since all previous data indicated that RHH = R= RDD within the (large) error  bars, or were within the (large) error  bars, or were 
taken at high taken at high εε,, for those data the ratio  of the cross sections for those data the ratio  of the cross sections σσDD//σσHH was equal to the ratio of the was equal to the ratio of the 
structure functions Fstructure functions F22

DD/F/F22
HH. The data from the present experiment indicated that there was . The data from the present experiment indicated that there was a a 

difference between Rdifference between RHH and Rand RDD . In order to account for the influence of the different R. In order to account for the influence of the different RHH and Rand RDD on on 
the ratio the ratio σσDD//σσHH, the data from the present experiment were corrected for the di, the data from the present experiment were corrected for the difference between fference between 
RRHH and Rand RDD. The corrected ratio was in better agreement with the parametri. The corrected ratio was in better agreement with the parametrization then the zation then the 
uncorrected ratio.uncorrected ratio.

The ratio of the structure functions FThe ratio of the structure functions F22
DD/F/F22

HH was determined via the Rosenbluth separation was determined via the Rosenbluth separation 
technique were compared as a function of x with the world data ptechnique were compared as a function of x with the world data parametrization. The comparison arametrization. The comparison 
showed a reasonable agreement with the data from other experimenshowed a reasonable agreement with the data from other experiments.  ts.  

The QThe Q22 dependence of the corrected ratio dependence of the corrected ratio σσDD//σσHH from the present experiment was compared with from the present experiment was compared with 
the world data and the parametrization of Fthe world data and the parametrization of F22

DD/F/F22
HH. The data from the present  experiment were in . The data from the present  experiment were in 

excellent agreement with the parametrization and had relatively excellent agreement with the parametrization and had relatively small error bars. small error bars. 

Summary …..Summary Summary ……....
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Leading order (LO) QCD corrections (a,b,c). Gluon bremsstrahlung diagram before (a) and after 
interaction (b). Coupling of virtual photon and gluon via quark-antiquark production (c). 
Example of the next-to-leading (NLO) order correction (d).


